Abstract: The dehydrogenated microstructure of the lithium borohydride-yttrium hydride (LiBH 4 -YH 3 ) composite obtained at 350°C under 0.3 MPa of hydrogen and static vacuum was investigated by transmission electron microscopy combined with a focused ion beam technique. The dehydrogenation reaction between LiBH 4 and YH 3 into LiH and YB 4 takes place under 0.3 MPa of hydrogen, which produces YB 4 nano-crystallites that are uniformly distributed in the LiH matrix. This microstructural feature seems to be beneficial for rehydrogenation of the dehydrogenation products. On the other hand, the dehydrogenation process is incomplete under static vacuum, leading to the unreacted microstructure, where YH 3 and YH 2 crystallites are embedded in LiBH 4 matrix. High resolution imaging confirmed the presence of crystalline B resulting from the selfdecomposition of LiBH 4 . However, Li 2 B 12 H 12 , which is assumed to be present in the LiBH 4 matrix, was not clearly observed.
INTRODUCTION
Lithium borohydride (LiBH 4 ) is considered a promising hydrogen storage material for on-board applications due to its high gravimetric hydrogen density (13.9 wt% H 2 upon dissociation into LiH and B) (Züttel et al., 2003) . However, the practical use of LiBH 4 has been limited because of its high hydrogen desorption temperature (T eq = 370°C at 0.1 MPa H 2 ) resulting from high thermodynamic stability (ΔH = 74 kJ/mol H 2 ) and very harsh hydrogenation conditions (e.g., 600°C at 15.5 MPa H 2 ) (Orimo et al., 2005; Mauron et al., 2008) . To overcome the thermodynamic limitation of LiBH 4 , significant efforts have been made to lower overall enthalpy change of the hydrogen desorption reaction by introducing reactive additives such as MgH 2 (Vajo et al., 2005; Yu et al., 2006; Barkhordarian et al., 2007; Bosenberg et al., 2007; Nakagawa et al., 2007; Pinkerton et al., 2007; Yang et al., 2007) , yttrium hydride (YH 3 ) Kim et al., 2011 Kim et al., , 2013 Gennari, 2012) , Al (Kang et al., 2007; Yang et al., 2007; Friedrichs et al., 2009) , and CaH 2 (Yang et al., 2007; Jin et al., 2008; Lim et al., 2008; Pinkerton & Meyer, 2008; Lim et al., 2010) , which form more stable metal borides instead of free B upon reaction with LiBH 4 . This concept has been called "destabilization" (Vajo et al., 2005) or "reactive hydride composite (RHC)" .
One interesting thing about LiBH 4 -based reactive hydride composites is that their dehydrogenation pathways are greatly influenced by hydrogen back pressure. Vajo et al. (2005) , Pinkerton et al. (2007) , and Bösenberg et al. (2010) observed that hydrogen back pressure enhances the formation of MgB 2 during dehydrogenation and dehydrogenation pathway of the LiBH 4 -MgH 2 composite is dependent on temperature. In previous studies Shim et al., 2010; Kim et al., 2011 Kim et al., , 2013 , it was reported that the LiBH 4 -YH 3 , LiBH 4 -CeH 2 and LiBH 4 -CaH 2 composites experience different dehydrogenation reaction pathways under static vacuum and 0.3 MPa of hydrogen. It was also reported that rehydrogenation is achieved under relatively mild temperature and pressure conditions after dehydrogenation under 0.3 MPa of hydrogen. In addition, it was observed that the increase in hydrogen back pressure up to 0.4 MPa enhances dehydrogenation kinetics of the LiBH 4 -YH 3 composite (Kim et al., 2011 (Kim et al., , 2013 (Kim et al., 2011 (Kim et al., , 2013 . The increase in hydrogen back pressure is believed to enhance the kinetics by suppressing the release of diborane gas during dehydrogenation, which eventually forms Li 2 B 12 H 12 from a reaction between diborane and LiBH 4 (Kim et al., 2011) . Recently, Gennari (2012) also confirmed the positive effect of hydrogen back pressure on the hydrogen storage properties of the nanostructured LiBH 4 -YH 3 composite synthesized by a mechanochemical method.
Although the hydrogen back pressure effect on hydrogen sorption properties of LiBH 4 -based reactive hydride composites was reported several times, the related microstructural investigations have not yet been conducted. This study aims at investigating and comparing the microstructural evolution the dehydrogenation products of the LiBH 4 -YH 3 composite under static vacuum and hydrogen back pressure using transmission electron microscopy (TEM).
MATERIALS AND METHODS
YH 3 was synthesized by reacting yttrium metal power (99.9%, Sigma-Aldrich, St. Louis, Missouri, USA) with 9 MPa of hydrogen (purity of 99.9999%) in a closed reactor at 350°C for 2 h. An X-ray diffraction (XRD) pattern of the synthesized YH 3 indicated that YH 3 was a primary phase together with a small amount of YH 2 . For the synthesis of the LiBH 4 -based reactive hydride composite, LiBH 4 (95%, Acros, Geel, Belgium) and the synthesized YH 3 were used. Three grams of a LiBH 4 -YH 3 powder mixture with a molar ratio of 4:1 was prepared and charged into a 140 mL hardened steel bowl together with thirteen 12.7 mm and twenty-four 7.6 mm diameter Cr-steel balls, and sealed with a lid equipped with a Viton O-ring. The powder mixture was ball milled at 650 rpm for 12 h in a Retsch PM 200 planetary ball mill under Ar atmosphere. The hydrogen desorption and absorption behaviors of the synthesized composite were investigated using a Sievert-type volumetric apparatus. The hydrogen desorption was conducted for 24 h at 350°C under two different pressure conditions; 0.3 MPa of hydrogen and static vacuum. Phase analysis on the dehydrogenated products of the composite was performed by XRD using Cu Κα radiation with a semiconductor detector (Bruker, D8 Advance, Billerica, Massachusetts, USA). Surface morphology of the dehydrogenated products was examined by a FEI Inspect F50 scanning electron microscope.
TEM samples were prepared from the dehydrogenated products. Cross-sectional TEM samples were obtained from a specific interest region of each sample by a dual-beam focused ion beam (FEI, Nova 200, Hillsboro, Oregon, USA) equipped with a manipulating probe (100.7 TM , Omniprobe, Oxford Instrument, Abingdon, UK). TEM sample preparation using a focused ion beam and an air-lock loading chamber without air-exposure are described in detail elsewhere (Kim et al., 2008) . Using the FIB lift-out technique, TEM samples that have a final thickness of~50 nm and a large observation area (10 × 5 μm 2 ) were obtained. The prepared TEM samples were loaded into a 200 keV TEM (FEI, Tecnai F20, Hillsboro, Oregon, USA) using a portable glove bag under Ar atmosphere (99.999%). Bright field images and selected area electron diffraction (SAED) patterns were obtained from the areas of interest. Chemical composition of the specific areas was analyzed by electron energy loss spectroscopy (EELS) especially to detect lithium and boron elements. (Fig. 1a) , which implies that the hydrogenation of the composite occurs under 0.3 MPa of hydrogen according to the following reaction:
RESULTS AND DISCUSSION
Considering the thermal stability of LiBH 4 and YH 3 (equilibrium dehydrogenation temperature:~370 and 900°C at 0.1 MPa of hydrogen, respectively), it is obvious that a mutual destabilization reaction induces dehydrogenation of the composite at lower temperature. In contrast to the sample dehydrogenated under 0.3 MPa of hydrogen, unreacted LiBH 4 and YH 3 /YH 2 phases are dominantly observed in the diffraction pattern of the composite dehydrogenated under static vacuum, as shown in Figure 1b . Previous studies Kim et al., 2011 Kim et al., , 2013 using Raman spectroscopy revealed that the sample dehydrogenated under static vacuum also includes a considerable amount of free boron and Li 2 B 12 H 12 resulting from the partial decomposition of LiBH 4 .
Surface morphology of the samples dehydrogenated under 0.3 MPa of hydrogen and static vacuum is shown in Figure 2 . While the dehydrogenated products under 0.3 MPa of hydrogen are composed of fine sub-micron particles with high porosity, those under static vacuum are relatively coarse primary particles with a smooth surface. The smooth surface is generally seen when pristine LiBH 4 or partially dehydrogenated LiBH 4 are observed, resulting from unavoidable exposure to air during sample loading into an FIB chamber (Friedrichs et al., 2010) . Therefore, it is presumed that a considerable amount of unreacted LiBH 4 remains in the dehydrogenated products under static vacuum.
A representative TEM bright field image of the dehydrogenated products under 0.3 MPa of hydrogen is presented in Figure 3a . It is found that fine crystallites 50 nm in size are uniformly distributed throughout the dehydrogenated sample. A SAED pattern from area 1 confirms that the crystallites are YB 4 (Fig. 3b) . Figure 4a shows a scanning transmission electron microscopy (STEM) highangle annular dark field (HAADF) image from a more localized area in Figure 3a . Since it is hard to directly obtain an electron diffraction pattern of LiH, which is also one of the dehydrogenation reaction products, due to its high reactivity with air during sample transport to a TEM and its light weight compared with YB 4 , EELS was employed to identify LiH in the sample. Although the detection of hydrogen by the EELS technique is theoretically possible, the hydrogen spectrum due to artifacts coming from the irregular thickness of TEM samples is excluded. In Figures 4b  and 4c , the reaction products YB 4 and LiH, respectively, are clearly identified by the EELS spectra from points 1 and 2 of the STEM HAADF image in good agreement with the XRD analysis. It is notable that the crystalline YB 4 nanocrystallites are uniformly distributed in the LiH matrix after dehydrogenation. This microstructural feature might contribute to successful rehydrogenation into LiBH 4 and YH 3 without the help of any catalytic additives at mild temperature and pressure conditions as reported in a previous study , since the microstructure provides a very large contact area between YB 4 and LiH. This is consistent with the result of Gennari (2012) who observed that the nanostructured LiBH 4 -YH 3 composite exhibited a relatively good dehydrogenation-rehydrogenation cycle performance. No evidence for the presence of free boron and Li 2 B 12 H 12 was found in this TEM analysis.
As shown in Figure 5a , a TEM bright field image of the sample dehydrogenated under static vacuum shows the irregular distribution of the unreacted reactant phases in the matrix, in contrast to the homogeneous distribution of the product phases in the sample dehydrogenated under 0.3 MPa of hydrogen (Fig. 3a) . SAED patterns from areas 1 and 2 (Figs. 5b, 5c ) indicate the presence of unreacted fine YH 3 /YH 2 crystallites and large YH 2 crystallites in the sample, which is in good agreement with the XRD analysis implying a poor dehydrogenation reaction. Although it is hard to identify LiBH 4 , free boron and Li 2 B 12 H 12 from the diffraction patterns, a high resolution TEM image gives direct evidence for free crystalline B that is a product of the selfdecomposition of LiBH 4 (Fig. 6a) . Although it was not possible to obtain microstructural evidence for the formation of Li 2 B 12 H 12 by TEM analysis, an EELS spectrum from the matrix region of the sample (point 3 in Fig. 5a ) confirms the co-existence of lithium and boron at the same point, as seen in Figures 6b and 6c . Unreacted LiBH 4 seems to be a major phase of the matrix. A considerable amount of Li 2 B 12 H 12 from the partial decomposition of LiBH 4 might also be present in the matrix considering the previous results of Raman spectroscopy Kim et al., 2011 Kim et al., , 2013 , although the regions of Li 2 B 12 H 12 are not clearly identified in the matrix presumably due to its amorphous character. In the previous study 
CONCLUSIONS
The dehydrogenation reaction under 0.3 MPa of hydrogen produces YB 4 nano-crystallite phases with a size of~50 nm, which are uniformly distributed in a LiH matrix, resulting from the mutual destabilization reaction between LiBH 4 and YH 3 . The large contact area between LiH and YB 4 seems to enable rehydrogenation at mild temperature and pressure conditions without the help of catalytic additives. On the other hand, unreacted YH 3 and YH 2 crystallites are identified in the matrix of LiBH 4 implying that the expected destabilization reaction hardly occurs under static vacuum. High resolution TEM imaging confirms the presence of a crystalline free boron phase from the self-decomposition of LiBH 4 in the sample dehydrogenated under static vacuum.
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